ABSTRACT The effect of transport stress on blood metabolism, glycolytic potential, and meat quality in broilers was investigated. Arbor Acres chicks (n = 360, 1 d old, males) were randomly allotted to 1 of 5 treatments: unstressed control, 45-min (short-term) transport with 45-min (short-term) recovery, 45-min transport with 3-h (long-term) recovery; 3 h (long-term) transport with 45-min recovery, and 3-h transport with 3-h recovery. Each treatment consisted of 6 replicates with 12 birds each. On d 46, all birds (except the control group) were transported according to a designed protocol. Transport time affected plasma glucose level (P < 0.05) and glycogen level (P = 0.06) in breast muscle as well as the area (P < 0.01) and density (P < 0.01) of IIa fibers. Glucose concentration increased slightly during the first 45 min of transport and then decreased dramatically in the long-term transported broilers (P < 0.05). Long-term transport decreased the concentration of breast glycogen (P = 0.06) and affected the size of IIa fibers in tibialis anterior by decreasing the area (P < 0.01) with an increase in density (P < 0.01). However, a long-term recovery after transport contributed to the homeostasis of blood corticosterone (CORT, P = 0.05) and low levels of glycogen (P < 0.05), lactate (P < 0.01), and glycolytic potential (P < 0.01) in thigh muscles. Interactions existed between transport and recovery time on area (P < 0.05) and density (P < 0.01) of IIa fibers. Furthermore, plasma nonesterified fatty acids increased significantly in the 3-h transport with 3-h recovery group (P < 0.05) in comparison with the control. These results suggested that transport induced the release of plasma CORT and glycopenia, which affected the contractive status of muscle fibers by changing their area and density, and enhanced glycolysis and even lipolysis. A long-term recovery after transport was beneficial in lowering plasma CORT levels and reducing muscle glycolysis, which might improve broiler meat quality.
INTRODUCTION
Undoubtedly, the appearance of meat is a critical factor influencing the desire of consumers to purchase meats and ultimately their satisfaction. Meat quality of domesticated animals can be affected by several antemortem stress factors (Apple et al., 1995; Kannan et al., 1997) , one of which is preslaughter transportation. Transport alters both the metabolism and psychological state of animals, which may produce undesirable changes in meat quality (Owens and Sams, 2000; Pérez et al., 2002a; Leheska et al., 2003) . Concentrations of certain plasma hormones, enzymes, and metabolites such as cortisol, corticosterone (CORT), creatine kinase, and glucose have been suggested to be sensitive parameters indicating the level of stress and muscle damage in poultry (Savenije et al., 2002; Nijdam et al., 2005) and livestock (Kannan et al., 2000; Pérez et al., 2002b; Apple et al., 2005 ) that experience feeddeprived transport. In addition, preslaughter and postmortem glycogen metabolism and lactate accumulation from glycolysis affect important meat quality parameters (Bendall and Swatland, 1988) .
Studies have mainly focused on the effects of distance transported or seasons on mortality, stress hormone levels, blood and muscle metabolism, meat quality, and even immune function of domesticated animals. There is very little evidence clarifying how transportation and recovery affect metabolism and meat quality. In addition, it is well established that muscle fiber number, size, and fiber type composition are closely related to meat quality (Ryu et al., 2004) . Muscle fibers are categorized into slow-twitch fibers (also called type I muscle fibers) and fast-twitch fibers (type II muscle fibers; Dubowitz, 1985) . These 2 types of fibers metabolize differently under stress (Hambrecht et al., 2005) . One recent study reported that traits underlying pork quality are affected by transportation but that the effects differ between meats having different fiber type composition, which is likely a consequence of differential metabolism between fibers having different contractile properties (Hambrecht et al., 2005) . We thus studied the effects of transport-induced stress (transport and recovery time) on stress hormone levels, blood metabolism, glycolytic potential (GP), and meat quality in different types of muscle fibers in broilers.
MATERIALS AND METHODS

Experimental Design
Treatment Arrangement. Arbor Acres broiler chicks (n = 360, 1 d old, males) were randomly assigned to 1 of the 5 treatment groups with 1 unstressed control group (NS) and 4 stressed groups using a 2 × 2 factorial arrangement with transport time and recovery time as main effects. The transport-stressed groups were as follows: 1) 45-min (short-term) transport with 45-min (short-term) recovery (SS), 2) 45-min transport with 3-h (long-term) recovery (SL), 3) 3-h (long-term) transport with 45-min recovery (LS), and 4) 3-h transport with 3-h recovery (LL). Each group consisted of 6 replicates with 12 birds each. All bird management was consistent with recommendations of the Arbor Acres Broiler Commercial Management Guide. On d 46, all birds (except the NS group) were transported in a truck and sampled, whereas birds in the NS group were kept in a normal living condition without transportation. All birds in both transported groups and the NS group were slaughtered in the laboratory of the pilot base right adjacent to our chicken house. The average BW of the birds was 2.51 kg. Feed and water were not deprived until transport, and no feed or water was supplied during the transport and recovery periods.
Transport Conditions. Twelve birds from each replicate were held in 1 crate (1.3 × 0.7 × 0.25 m 3 ). All 24 crates containing birds undergoing different treatments were randomly distributed in the truck. The transport period was from 0730 to 1030 h with an average outside temperature of 15 ± 4°C and inside temperature of 27 ± 2°C. As a result of appropriate ventilation, the inside RH remained at about 76% during the transport period. Transportation was on a country road in Changping District, Beijing, China. The route was set in the form of laps, with a length of approximately 22 km per lap. The route began uphill, and the return route was downhill on another road. In this way, a lap-form route was organized, with 3 sharp turns, 2 mild turns, and a 500-m cobble surface road. The truck drove clockwise on one lap and then counterclockwise on the next, one lap after another, with an average speed of 60 km/h.
Sampling Procedure
Blood Sample. In the NS group, 1 bird from each replicate was randomly selected for blood sampling. For the stressed groups, immediately after transport and recovery, 1 bird from each replicate (crate) was randomly chosen for blood sampling. All selected birds were stunned by an electrical stunner (40 V: alternating current, 400 Hz for 5 s each one) and slaughtered immediately within 5 min, and blood samples were collected via exsanguination of the left jugular vein with bistouries. For each bird, about 8 mL of blood was collected in a 10-mL heparinized centrifuge tube and immediately processed (shaken slightly), and 1 mL was then taken for spot test for the heterophil:lymphocyte (H:L) ratio. The remaining 7 mL was centrifuged at 1,800 × g at 4°C for 10 min. The resulting plasma sample was stored at −20°C for CORT, glucose, insulin, lactic acid, and nonesterified fatty acid (NEFA) assessment.
Muscle Sample. Within 15 min postmortem, the entire right pectoralis major and the right thigh muscle of broilers were sampled for determination of pH, meat color, water-holding capacity (WHC), and shear force value (SFV). Rectangular tibialis anterior muscle and pectoralis major samples were obtained within 5 min postmortem. Some of the samples were stored in 10-mL tubes for muscle fiber composition analysis, and others were packed in a piece of tinfoil for GP assessment. All samples were quickly frozen in liquid nitrogen and then kept at −80°C until analysis.
Blood Parameter Measurement
Blood H:L ratios were inspected following WrightGiemsa staining according to Vleck et al. (2000) . Briefly, blood (5 μL) was used to make a smear on a clean glass slide. The smears were then air-dried, stained with Wright-Giemsa, and examined under a microscope at a magnification of 100× with oil immersion. Differential white blood cell (WBC) counts were performed according to standard avian guidelines by Campbell (1994) . In each visual field, heterophils and lymphocytes were counted until the cumulative total (heterophils + lymphocytes) reached 100 cells. The H:L ratios were then calculated. Plasma concentrations of CORT, glucose, insulin, lactic acid, and NEFA were measured with the CORT RIA kit (Diagnostic Products Corp., Los Angeles, CA; Tuvnes et al., 2003; Maayan et al., 2005) , glucose oxidase kit (Shanghai RongSheng Biotech Co. Ltd., Shanghai, China; Wu et al., 2004; Sheng et al., 2005) , insulin RIA kit (RK-119, Institute of Radioimmunity, General Hospital of Chinese PLA., Beijing, China; Wang et al., 2002; Dong et al., 2003) , lactic acid kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China; Jiang et al., 2007b; Lin et al., 2007) , and NEFA kit (Applygen Technologies Inc., Beijing, China; Jiang et al., 2007a; Zhang et al., 2008) , respectively.
Meat Quality Measurement pH. Muscle pH was determined using an electronic pH meter (CyberScan pH 310, Eutech Instruments Pte Ltd., Singapore) at 45 min (pH 45min ) and 24 h postmortem (ultimate pH, pHu). Each sample was measured 3 times, and their average value was taken as the final result. The value of pH decline within 24 h postmortem (ΔpH) was calculated as ΔpH = pHu − pH 45min .
Color. At 24 h after slaughter, meat color was measured in duplicate by a Chroma meter (Chroma Meter WSC-S, Shanghai Precision and Scientific Instrument Co., Shanghai, China). Color was reported in the CIELab trichromatic system as lightness (L*), redness (a*) and yellowness (b*) values.
WHC. Drip loss measurement was modified from Owens and Sams (2000) . About 30 g (wet weight) of regular-shaped muscle from right pectoralis major and right thigh muscle was placed in a zip-sealed plastic bag that was then filled with nitrogen to avoid oxidation, evaporation, and mutual extrusion. All bags were stored at 4°C. After 24 h, surface moisture of fillets was absorbed with filter paper and reweighed: drip loss (%) = (W 45min − W 24h )/W 45min × 100%, where W means weight (g).
SFV. At 96 h postmortem, about 20 g (wet weight) of muscles was heated for 20 min in zip-sealed plastic bags in a water bath at 85°C. After cooling to ambient temperature, SFV was measured in triplicate as described by Froning and Uijttenboogaart (1988) .
Glycolytic Metabolite Measurement
Muscle lactate and glycogen were determined by the method of Hambrecht et al. (2005) . Briefly, a frozen muscle sample (0.5 g) was cut and homogenized for 1 min in 4.5 mL of ice-cold perchloric acid solution (0.85 M HClO 4 ). The homogenates were centrifuged at 2,700 × g at 4°C for 10 min, and the supernatant fraction was neutralized with 10 M KOH and then stored in separate tubes at −80°C for analysis. Lactate in the supernatant fraction was determined spectrophotometrically with a lactic acid kit (Nanjing Jiancheng Bioengineering Institute). Glycogen in the supernatant fraction was enzymatically hydrolyzed to glucose by incubation with amyloglucosidase (A7420, Sigma-Aldrich Inc., St. Louis, MO) in acetate buffer (pH 4.8) at 55°C for 2 h. After incubation, the supernatant fraction was neutralized with 10 M KOH. Glucose and lactate were determined spectrophotometrically with a commercial glucose oxidase kit (Shanghai RongSheng Biotech Co. Ltd.). The concentrations of glucose-6-phosphate and glucose were not determined individually, but they are included in the glycogen determination. The GP was calculated as the sum of 2 × [glycogen] + [lactate] (Monin and Sellier, 1985) .
Early Postmortem Muscle Fiber Types
Sectioning. The muscle samples were modified into cubes. To ensure the optimal cutting temperature, the samples were then embedded in embedding medium (Tissue-Tek optimal cutting temperature compound, Sakura Finetek USA Inc., Torrance, CA) in a freezing microtome at −21°C and were then cut into 100-μm-thick cross sections using a cryostat (Leica CM1900, Wetzlar, Germany) and placed on aminopropyltriethoxysilane-treated glass slides (Sigma-Aldrich Inc.). More than 4 sections were obtained for each sample for further staining and observation. The sections were airdried for 2 to 3 min and stained immediately.
Staining. The proportion and distribution of muscle fiber types were observed by NADH tetrazolium reductase (NADH-TR) staining according to Dubowitz (1985) . β-Nicotinamide adenine dinucleotide disodium salt hydrate (and nitroblue tetrazolium chloride) were purchased from Sigma-Aldrich Inc.
Taking Micrographs. The slides were examined with a Nikon 80i fluorescence microscope (Nikon, Tokyo, Japan) equipped with version 4.0.8 Spot RTke software (Spot Diagnostics, Sterling Heights, MI). Micrographs were obtained at 200× magnification. Six views were captured in each section for further analysis.
Image Processing. All pictures were analyzed using Image-Pro Plus version 5.0 software (Media Cybernetics, Inc.). The indices of fiber ratio (%), fiber area (μm 2 ), and fiber density number per mm 2 were calculated for all types of muscle fibers.
Statistical Analysis
All the data were subjected to a 1-way ANOVA procedure provided in SAS 8.02 for windows (SAS Institute, 2001) , and the means were separated using Fisher's least significant difference multiple range test. With the exception of the NS group, the means of the 4 stressed groups were analyzed as a 2 × 2 factorial arrangement (transport time × recovery time) using the GLM procedure of SAS software, and the model included the main effects of transport time and recovery time after transportation as well as the transport time × recovery time interaction. A P-value of less than 0.05 was considered significant unless otherwise stated.
RESULTS
Blood H:L Ratios and Metabolites
Effects of transport stress on the blood H:L ratio and metabolite parameters in broilers are shown in Table  1 . Transport time, recovery time, and their interaction did not affect the blood H:L ratio or the concentrations of plasma insulin, lactate, and NEFA in transported broilers. Plasma glucose concentration was the only variable that was significantly affected by transport time (P < 0.05). However, glucose concentration increased slightly during the first 45 min of transport (13.24 mmol/L, data not shown) and then decreased dramatically in the long-term transported broilers (LS and LL, P < 0.05). Plasma CORT concentration was influenced by recovery time (P = 0.05) and decreased significantly in long-term recovery groups (SL and LL, P < 0.05). Although no differences were found in blood H:L ratios, plasma insulin, and lactate levels between the NS and stressed groups, plasma NEFA increased significantly in the LL group (P < 0.05) compared with the NS group.
Characteristics of Early Postmortem Muscle Fibers
Data on ratio, area, and density of different fiber types in the tibialis anterior muscle are presented in Table 2 . Transport time significantly affected area and density of type IIa fibers. Long-term transport led to a smaller area (P < 0.01) and a higher density (P < 0.01) of type IIa fibers. Recovery time affected the fiber ratio, area, and density of type I fibers. Long-term recovery resulted in a lower density (P < 0.01) of type I fibers and might also induce a higher area (P = 0.07) and a lower fiber ratio (P = 0.06) to some extent. Furthermore, there was a significant interaction between transport time and recovery time with regard to area (P < 0.05) and density (P < 0.01) of type IIa fibers. Long-term recovery after 45-min transport possibly increased the area and decreased the density of type IIa fibers. However, a 3-h recovery could not restore the fibers to their normal status after 3 h of transport. We found no significant effects of transport time, recovery time, or their interaction on parameters of type IIb fibers. Table 3 shows the effects of transport stress on early postmortem muscle metabolism. Transport duration did not significantly influence the concentrations of lactate and GP in breast muscle (P > 0.05), but long-term transport might induce a lower glycogen concentration to some extent (P = 0.06). Recovery time significantly affected the concentration of glycogen (P < 0.05), lactate (P < 0.01), and GP (P < 0.01) in thigh muscle. Lower concentrations of glycogen, lactate, and GP were detected in long-term recovery groups than in short- Superscripts for means belong to 1-way ANOVA analyses, and means within a row with no common superscript differ significantly (P < 0.05). 1 NS = unstressed; SS = 45-min transport with 45-min recovery; SL = 45-min transport with 3-h recovery; LS = 3-h transport with 45-min recovery; LL = 3-h transport with 3-h recovery.
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2 Corticosterone. 3 Nonesterified fatty acids. Superscripts for means belong to 1-way ANOVA analyses, and means within a row with no common superscript differ significantly (P < 0.05). 1 NS = unstressed; SS = 45-min transport with 45-min recovery; SL = 45-min transport with 3-h recovery; LS = 3-h transport with 45-min recovery; LL = 3-h transport with 3-h recovery. term recovery groups. Transport time, recovery time, or their interaction did not affect levels of lactate and GP in breast muscle. Lactate concentrations in breast muscle of transported broilers were elevated as compared with NS broilers throughout the duration of transportation, but lactate concentrations in the thigh were higher (P < 0.05) in short-term recovery broilers than in the NS group. The GP was higher in breast muscle of group SS (P < 0.05) than the NS group and all the other transported groups. Moreover, the average concentration of lactate was higher in breast muscle (74.24 μmol/g) than that in thigh muscle (45.82 μmol/g), which would contribute to higher GP in breast muscle.
Meat Quality
Effects of transport stress on meat quality in breast and thigh muscle are shown in Table 4 . Transport time, recovery time, and their interaction did not affect muscle pH, WHC, SFV, or L* value of meat color. Recovery time affected a* value of breast muscle (P < 0.05). Besides, to some extent, it might also induce a lower L* value of breast muscle (P = 0.07). The a* value of breast muscle in group SL was higher (P < 0.05) than the SS group. The b* value of breast muscle in group LS was higher (P < 0.05) than in all the other groups except the SL group.
DISCUSSION
The H:L ratio is recognized as a stress indicator (Siegel, 1995; Puvadolpirod and Thaxton, 2000) . In general, animals respond to transport stress by increasing the number of total WBC and specific types of WBC (heterophils, eosinophils, and mononuclear cells) in circulation (Kent and Ewbank, 1986a,b; Murata et al., 1987) . Decreasing lymphocyte numbers, accompanied by increasing numbers of heterophils, resulted in an increase in the H:L ratio (Kent and Ewbank, 1986a,b; Murata and Hirose, 1991) , which is a sensitive index of stress. Previous studies found that the H:L ratio increased in the transport-stressed animals including poultry, goats, and cows (Kegley et al., 1997; Mitchell and Kettlewell, 1998; Kannan et al., 2000) . Although different combinations of transport and recovery treatment had no significant effect on H:L ratios, longer transport slightly increased the ratios in the present study.
The increase of plasma CORT concentration has been observed in transport-stressed broilers (Freeman et al., 1984; Kannan et al., 1997) . In the present study, plasma CORT was affected by recovery time (P = 0.05), and long-term recovery helped to maintain circulating CORT at a lower level as in the NS group. In addition, the plasma CORT concentration significantly increased in group SS (P < 0.05) and gradually decreased to the NS group level as the transport lasted for 3 h or after 3 h of recovery, indicating that broilers might experience heightened stress at the beginning of transport and then become adapted to the perceived adverse environment later during transport, or that they recover during the long-term recovery period.
Glucose is an essential cellular fuel source and metabolic substrate. Transport stress has been reported to cause an elevation in plasma glucose concentration Ewbank, 1983, 1986b) , primarily due to glycogen breakdown in the liver (Mayes, 1996) . In our present study, plasma glucose increased after 45 min of transport (13.24 mmol/L, data not shown), which was mainly due to the breakdown of liver glycogen to maintain blood glucose level. Nevertheless, the limited glycogen degradation could not overcome the exhaustion of plasma glucose caused by long-term transport and feed withdrawal, which in turn caused a significant decrease of plasma glucose concentration in the long-term transport groups. Overall, plasma glucose was affected by transport time, and glucose significantly decreased with the elapsed transport time. Several studies have suggested that poultry, when subjected to long-term transport, consistently develop hypoglycemia that may be the result of exhaustion of hepatic glycogen stores (Halliday et al., 1977; Freeman et al., 1984) . Superscripts for means belong to 1-way ANOVA analyses, and means within a row with no common superscript differ significantly (P < 0.05). 1 NS = unstressed; SS = 45-min transport with 45-min recovery; SL = 45-min transport with 3-h recovery; LS = 3-h transport with 45-min recovery; LL = 3-h transport with 3-h recovery.
2 Includes glucose, glucose-6-phosphate, and glycogen. 3 Glycolytic potential = 2 × [glycogen] + [lactate] (Monin and Sellier, 1985) .
Glucose oxidation is a preferred pathway for energy supply. The amount of plasma NEFA increased significantly in the LL group, suggesting that long-term feed withdrawal transport with long-term recovery depleted glucose and initiated lipolysis of body fat in broilers. The results of plasma NEFA were very similar to those of Nijdam et al. (2005) , who reported that plasma NEFA concentrations were significantly higher in broiler groups exposed to 10 h of feed withdrawal, 10 h transport, or transported for 3 h with feed available before transport. Therefore, the stress caused by feed withdrawal could be alleviated if the broilers were fed before transport.
Muscle fibers are categorized into slow-twitch fibers (also called type I muscle fibers) and fast-twitch fibers (type II muscle fibers; Dubowitz, 1985) . Type I fibers contain more mitochondria and myoglobin and utilize aerobic oxidation for their energy requirement, whereas type II fibers contain more glycogen and produce energy through the anaerobic pathway (Gattenlohner et al., 2002) . The more mitochondria in a muscle fiber, the more energy it is able to produce. In our study, the proportion and distribution of muscle fiber types were identified by NADH-TR staining. In general, type I fibers (slow twitch-oxidative) are stained darker when stained with NADH-TR; type II fibers, including type IIa fibers (fast twitch-oxidative-glycolytic) and type IIb fibers (fast twitch-glycolytic) are stained somewhat moderately and weakly, respectively (Mu and Sanders, 2002) . The tibialis anterior of 46-d-old broilers consists of types I, IIa, and IIb fibers (Figure 1a ), but the pectoralis major mainly consists of type IIb fibers (Figure 1b) . Interestingly, type I fibers were surrounded by type IIa fibers, and both type IIa and type I fibers were surrounded by type IIb fibers (Figure 1a) , suggesting a phenomenon of type transformation among these 3 fiber types. The specific mechanism of muscle fiber transformation in the current study remains unknown. Differently from acute stress (transport), many studies on chronic electronic stimulation in mammals found a transformation of fast-twitch fibers to slowtwitch fibers when exposed to low-frequency stimulation (Kirschbaum et al., 1989; Leeuw and Pette, 1993) and a slow-to-fast transformation under high-frequency stimulation (Gorza et al., 1988; Hämäläinen and Pette, 1996) .
Muscle fiber number, size, and fiber type composition are closely related to meat quality. Oxidative muscle fibers have a lower GP value compared with glycolytic muscle fibers (Monin et al., 1987; Fernandez et al., 1994) . In our study, GP value was higher, in general, in the pectoralis major, which consists of only type IIb fibers, compared with tibialis anterior muscle, which contains all 3 fiber types ( Table 2) . Consequently, higher GP (Table 3 ) and lower pHu (Table  4) values are more prone to the occurrence of pale, soft, exudative-like meat in breast muscles. In most species of terrestrial vertebrates, particularly in birds and mammals, the total number of fibers is fixed before hatching or birth (Picard et al., 2002) ; therefore, variations of muscle fiber size (area and density) caused by transportation stress could reflect the status of muscle fiber contraction and metabolism. In the current study, the smaller area in conjunction with higher density for Superscripts for means belong to 1-way ANOVA analyses, and means within a row with no common superscript differ significantly (P < 0.05). 1 NS = unstressed; SS = 45-min transport with 45-min recovery; SL = 45-min transport with 3-h recovery; LS = 3-h transport with 45-min recovery; LL = 3-h transport with 3-h recovery.
2 pH 45min = pH at 45 min. 3 pHu = ultimate pH; the pH at 24 h postmortem. 4 ΔpH = pHu − pH 45min .
all the 3 types of fibers in tibialis anterior indicated that shrinkage and metabolism were enhanced in the long-term transported broilers. However, recovery time also affected muscle fiber contractive status. A longterm recovery after short-term transport led muscle fibers to a normal relaxation state with area and density equivalent to those of unstressed broilers. The intensive contraction state caused by long-term transport lasted longer and may require a longer time for convalescence. However, a 3-h recovery did not restore the fiber to normal status after 3 h of transport. Thus, we hypothesize that no less than 3 h are needed after long-term transport to restore tight fibers and maintain the relative resting status in broiler muscles. Depletion of glycogen reserves from skeletal muscles due to preslaughter stress has been reported to affect meat quality (Savenije et al., 2002; Bee et al., 2006) . Substrates such as glycogen, glucose, and glucose-6-phosphate are converted to lactate when animals are under stress. As a result of lactate accumulation, glycolysis lowered pHu (Khan and Nakamura, 1970; Lawrie, 1998) , which further influenced meat color and WHC. Glycolysis caused by transport indicated that muscle energy metabolism was enhanced, which is in agreement with the present study showing that initial concentrations of glycogen in both breast and thigh muscles decreased after transport, especially in the long-term transported groups.
Energy exhaustion compromises the welfare of the birds and makes them progressively less capable to cope with further stress. Energy consumption in the muscle is affected by not only the amount of available glycogen but also the pH and availability of adenosine triphosphate (Savenije et al., 2002) . Therefore, accumulation of lactate may have the greatest affect on meat quality. In our study, higher lactate concentrations in breast muscle also indicated the following: 1) type IIb fibers contained more available glycogen (Table 3 ) and produced energy through the anaerobic pathway, and hence were able to produce more lactate (Peter et al., 1972; Gattenlohner et al., 2002) , and 2) when broilers experienced transportation, glycogenolysis in breast muscle was increased dramatically, which might cause accumulation of lactate (Table 3 ) and could further induce a lower pH, lower WHC, and even pale, soft, exudative-like meat in the stage of rigor mortis. In general, transportation caused a significant increase in glycogenolysis and a decrease in glycogen in both breast and thigh muscle, but long-term recovery, especially after long-term transport, could reduce the negative effects of transport-induced stress by decreasing the muscle lactate concentration and GP, which helped to maintain meat quality.
The pH can significantly affect meat quality. Owens and Sams (2000) reported that lower muscle pH of transported turkeys results in higher L* values. In the present study, both pHu and ΔpH were not affected by transport time, recovery time, or their interaction. However, breast pHu and ΔpH values were higher than those of thigh muscle, which might be due to higher lactate concentrations in breast muscle (Table 3) . Furthermore, the rate of pH decline can affect meat color and WHC through protein denaturation (Warris and Brown, 1987) . A long-term recovery after transport improved meat color and enhanced meat quality in breast muscle by increasing the a* value. There were no significant differences in 24-h drip loss and 96-h SFV in both breast and thigh muscles among all groups in this study.
In summary, this study indicates that transport stress induces the release of plasma CORT, affects the contractive status of muscle fibers by changing their area and density (size), and enhances glycolysis and even lipolysis. However, these metabolic changes were not significant enough to be detrimental to meat quality in this study. A long-term recovery after transport, espe- cially after long-term transport, lowers plasma CORT concentration and reduces muscle glycolysis, which may help maintain meat quality.
